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Optical emission spectroscopy reveals that helium and neon gases enhance the nitridation reactivity 
of the nitrogen plasma by Penning effects during magnetron sputtering of the silicon target. These 
excited nitrogen plasmas promote the saturation of frameworks of the resultant silicon nitride films. 
X-ray photoelectron spectroscopy, electron spin resonance, and x-ray diffraction analyses provide 
insight into the structure of these films, and thermal desorption mass spectroscopy reveals the 
behavior of volatile species in these films. 
1. INTRODUCTION 
The development of silicon nitride (SiN) films has 
largely extended the range applications for this material, es- 
pecially in the fields of silicon technology. Because crystal- 
line and amorphous forms of these films are expected to have 
intriguing characteristics suggested by the properties of the 
bulk condensed material, several deposition methods have 
been used in an attempt to fabricate the high-performance 
SiN films. Chemical vapor deposition (CVD) methods are 
the most widely investigated, but the reactive sputtering 
techniques have several advantages over CVD methods, such 
as high purity, low process-temperature, and strong adhesion 
to the substrate.tm6 
Although attempts to prepare SiN films by reactive sput- 
tering usually use nitrogen and/or argon as the plasma- 
working gas, these plasmas do not activate the nitrogen mol- 
ecules enough to form the completely saturated SiN 
frameworks. Direct interaction with electrons in radio- 
frequency (rf) plasma scarcely ionizes nitrogen molecules 
through the collisional interactions, because the energies of 
the excited electrons are predominantly lower than the ion- 
ization energy.7-” The resultant film-frameworks are thus 
likely to consist of unsaturated Si-N moieties, and these in- 
complete structures are a substantial problem in the prepara- 
tion of high-performance SiN films. 
Of the several excitation processes associated with col- 
lisional interaction between plasma particles, Penning effects 
are especially effective in inducing ionization and dissocia- 
tion, because metastably excited atoms, which are respon- 
sible for Penning effects with long lifetimes are present at 
high concentrations in rf plasma. The metastable energies of 
helium (He) are higher than those of any other noble gas, 
making He a powerful Penning reagent for exciting plasma 
species. We have already reported that the He-Penning ef- 
fects are effective in reducing the internal stress of reactively 
sputtered SiN films, leaving them more resistant to chemical 
etching.r2 Neon (Ne) is also useful as a Penning agent be- 
cause the energies of metastable Ne atoms are higher than 
the ionization energy of nitrogen molecules. Both of these 
*‘NTT Advanced Technology Corporation, 3-9-11, Midori-cho, Musashino- 
shi, Tokyo 180, Japan. 
noble gases should therefore be beneficial for enhancing the 
saturation of the StN networks.13-17 
In this paper we describe investigations into the use of 
He and Ne gases to elicit Penning effects during the prepa- 
ration of SiN films by reactive magnetron sputtering. The 
emphasis of these studies is on enhancing the saturation of 
the Si-N networks, which should improve the characteristics 
of the films. Spectroscopic techniques such as photoelectron, 
electron spin resonance, x-ray diffraction, and thermal de- 
sorption mass spectroscopies are used to evaluate the mo- 
lecular structure of the resultant films. 
II. EXPERIMENTATION 
SiN films were prepared by using a planar diode-type 
13.56-MHz rf magnetron sputtering equipment (ANELVA, 
SPF-312H), which employed a sputter-up configuration. A 6 
in. single-crystal silicon disk 6 mm thick was used as the 
sputtering target. Films were deposited on undoped rectan- 
gular wafers of silicon (10X35X0.1 mm) and quartz (2 
X25X 1 mm). Each wafer was held on a substrate holder 
kept at 50 “C. The films deposited on quartz substrates were 
only used for electron spin resonance analysis. The applied rf 
power was 2.83 W/cm2 and the interelectrode distance was 
50 mm. The gas ratios of plasma-working gases [He(Ne)/N,] 
were calculated from their flow rates, which were controlled 
from 1 to 45 ml/min by using mass flow controllers (Brooks- 
5877). 
Plasma emission spectra were measured through a sap- 
phire window facing the center of the plasmas, and each 
emission spectrum from 200 to 800 nm was recorded by a 
diffraction-grating Cemy-Turner monochromator with a 
wavelength resolution of 0.4 nm. To prevent aging degrada- 
tion due to air exposure, all samples for spectroscopic analy- 
ses were kept at a pressure below 1 Torr in a vacuum cham- 
ber containing fresh silica-gel. 
X-ray photoelectron spectroscopy (XPS) was performed 
using MgKa radiation as an excitation source (VG, 
MICROLAB-MK2). The angle between the x-ray beam and 
the photoelectron detector was set at 50”, and the liberated 
photoelectrons were collected at angles of 15” and 90” be- 
tween the sample surface and the detector. The chamber 
pressure during operation was 7.OX1O-‘o Tom To remove 
the surface contamination from the surface of some samples, 
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they were cleaned by 2 keV Ar’ ion sputtering. To compen- 
sate for the binding energy shifts caused by surface charging, 
the binding energies of as-deposited samples and 
Ar’-sputter-cleaned samples were calibrated by assuming 
that the contaminated &-peak was at 284.6 eV and the im- 
planted ArZp3,2 peak was at 241.3 eV. 
N;( CTI,- BsQ) * He*lines 
Electron spin resonance (ESR) was measured at room 
temperature by using a JES-FE3XG X-band spectrometer. 
The quartz substrates coated with sample films were held, 
perpendicular to the magnet field, in a TM,,, cavity under an 
argon atmosphere. The g value and spin density were deter- 
mined in comparison with those of Mn2+/Mg0 used as an 
external reference. The external magnetic field (301-351 
mT) was modulated by 0.5 mT at a frequency of 100 kHz, 
and the microwave power was 0.4 mW. The spin relaxation 
time was measured by the saturation method using a 
BRUKER ESP-350E spectrometer. The external magnetic 
field was swept between 312 and 361 mT, and the micro- 
wave power was varied from 0.01 to 40 mW. 
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FIG. 1. Representative emission spectrum for He&=9 plasma at 2 Pa. 
A thermal desorption spectrometer for analyzing the film 
components consisted of a quartz tube, a lamp heater, and a 
quadrupole mass filter. The background gas pressure before 
analysis was reduced to 2X10w9 Torr by using a turbomo- 
lecular pump. The temperature of the sample holder was in- 
creased at a rate of 20 “C/min from room temperature to 
1050 “C. 
high excitation of nitrogen molecules, which are in the ex- 
cited state above the C311, level. The emission intensity of 
the plasma-working gases, such as He and N2 (lst-positive), 
is shown in Fig. 2 plotted against gas pressure. This figure 
also plots the emission intensity for nitriding species (N2+ 
and N) produced mainly by He-Penning effects. These inten- 
60 I 
Ill. RESULTS AND DISCUSSION 
In the preparation of nitride films by reactive sputtering, 
ionic nitrogen species such as NZf and N’ play a crucial role 
in sputtering as well as in the nitridation reaction. Atomic 
nitrogen is also important for nitridation reaction. The aver- 
age electron energy in the nitrogen rf plasma under conven- 
tional conditions for nitridation sputtering is from 5 to 9 
eV.*-‘O which is lower than the ionization energy of N2 
( 15.56 eV). Molecules of N, in their ground state, which are 
the majority species, will therefore probably not be directly 
ionized by electrons in the conventional rf plasmas. In addi- 
tion to electron-induced excitations, however, collisional in- 
tcractions between plasma particles play significant roles in 
activating reactive species. Penning effects [(l) Penning ion- 
ization and (2) Penning dissociation] are especially effective 
in plasma excitation processes because the following colli- 
sional excitations have large cross sections: 
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Noble gases with low atomic weight are especially effective 
Penning agents because they have high metastably excited 
energies and cannot form chemical bonds. 
Optical emission spectroscopy on the He-N, mixture gas 
plasma revealed the He-Penning effect on nitrogen plasma. 
Figure 1 shows a representative emission spectrum of the 
He/N,=9 plasma at 2 Pa. Atomic lines attributable to He are 
clearly seen among the progression bands due to nitrogen 
species. The second positive N2 band (C3H,-B3H ) is 
stronger than the first positive N2 band (B3?J,-A3Cug) in 
these rf plasmas of He-N2 mixture gases. This may reflect the 
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FIG. 2. Emission intensity of plasma species vs gas pressure: (a) He and Nz. 
(b) Nz+ and N. 
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FIG. 3. Scanning electron microgr:r;iph of a iilm surface prepared in 
HGT$=~) plasma at 5 Pa, 
sities were determined from the strongest line of each spe- 
cies: He=388.9 nm, N,=662.3 nm, N,~’ =3X3.6 nm, 
N-745.9 nm. The emission lines of N ’ are indistinguishable 
among the considerable number of strong lines of other spe- 
ciesi. The inverse correlation between He and N, intensities 
as pressure increases implies that the collisional excitation of 
N, by He is enhanced by increasing the cross sections [Fig. 
2kl)]. 
The emission intensity-pressure curves for Nz-’ and N 
have maximum vaiues at 3 and 4 Pa, respectively [Fig. 2(b)]. 
The shapes of these curves basically resemble those of the 
curves for lie and NLt respectively. These results indicate 
that Penning effects are ntore likely to produce the species 
beneficial for nitridation (N2* IS*5 under the lower pressure, 
where the complicated collisional de-excitation processes are 
suppressed. At higher pressures, the basically converse rela- 
tionships of N2 emission to pressure and of Nit emission to 
Sl& 
I 
~~ / A n --.:::::,+JAk 
,--- /I / I\\ ‘-, 
-_I__ 1 ---;;’ ---J’ / 
-- 
p~zI[~) b 
‘ ’ -- - 
-i -.....J ..- .-I . . . . --A -..I I_-. .II -EL J-- 
t Ot , F!; ii!.! iiiil ‘18 404 402 41N 3% 396 34.4 
ginding Energy (eV) Binding Energy (eV) 
FIG. 4. Si,,- and N, ,-SW core spectra for films prepared in pure I%, 
He-N,, and Ne-N, plasmas at 2 PH. 
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FIG. 5. XPS valance-hand spectra of films prepared in pure N,, He-N,) and 
Ne-N2 plasmas, 
pressure is conceivable by the fact that Ndt ions are pro- 
duced by the consumption of N2 molecules through Penning 
ionization. 
Films produced at gas pressure above 5 Pa had rough 
surfaces covered with domes and cdlderas (Fig. 3). These 
structures might have been formed by expansion of the films 
due to the evaporation of excessive amounts of plasma gases 
incorporated into the films. The surface of films produced at 
gas pressure below 5 Pa were smooth. The films whose 
Sm’I - 
FIG. 6. ESR differential curves for films prepared in pure N,, He-N2, and 
Ne-N, plasmas. 
7712 J. Appl. Phys., Vol. 75, No. 12, 15 June 1994 Sugimoto, Nakavo, and Kuwano 
Downloaded 15 Oct 2008 to 130.34.135.158. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
TABLE 1. Spin density, g value, and linewidth of the main band in ESR and 
nitrogen concentration estimated by XPS analyses. 
Spin density Linewidth Nitrogen concentration 
Plasma (spins/cm’) g value (mT) (o/o) 
Pure Nz 1.0x IO” 2.0043 1.90 48.9 
He/N?= 1 1.2XlO~~ 2.0043 2.03 46.6 
Ne/N?=l 1.0x 102” 2.0042 1.80 46.9 
He&.=9 9.5 x 10’0 2.0043 1.88 42.3 
Ne/N,=9 3.3x 10’9 2.0042 1.00 44.7 
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0 
E 
z 
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structural characterization is reported in the remainder of this 
paper were therefore produced at 2 Pa, where the strong 
nitridation agent (N2+), which plays a substantial role in for- 
mation of Si-N networks during reactive sputtering, is pre- 
dominantly produced.12 
The chemical structures of the l-pm-thick films were 
analyzed by x-ray photoelectron spectroscopy. After the films 
were sputtered by the 2 keV Arf ion bombardment for 5 
min, the Ct, signals disappeared. However, the photoelectron 
signals due to oxygen (O,, and OKVV) remained, even 
though their intensities were reduced appreciably. Taking 
into account the elemental sensitivity factors,” we can esti- 
mate the oxygen concentration to be about 4.5% for each of 
the films produced in pure N2 plasma or He(Ne)-N, gas mix- 
ture plasmas. Some groups have reported oxygen incorpora- 
tion into plasma SIN films prepared without feeding any oxy- 
gen source.‘9-2’ This oxygen incorporation may be inevitable 
for plasma SiN films, due to the high reactivity of silicon 
atoms with oxygen sources such as water and oxygen mol- 
ecules residing in the reaction chamber. 
Figure 4 shows the Sizp and N,, core spectra obtained 
from as-deposited films produced in N2 and mixed-gas plas- 
mas, when the angle between the sample surface and the 
detector was 90”. The binding energy of band peaks and the 
full width at half maximum (FWHM) for the Si,, band are 
varied with changes in the composition and conformation of 
the Si:N:O systems. All of the Si,, spectra were essentially 
identical, consisting of the simple symmetrical curves with a 
peak at 101.6 eV and with a FWHM’of 1.9 eV. These values 
indicate that the composition of these films is SiN,,e-,,s in- 
cluding the stoichiometric (SiN& form.“-28 In addition, 
the simple band shape around 101.6 eV shows that the con- 
tribution of the Si-Si moieties, which would appear at 99.5 
eV, is insignificant. 
The N,, core bands are also the same for all of the films: 
their peaks are at 397.6 eV and each has a FWHM of 2.3 eV. 
A weaker band is clearly observable at 402.2 eV, however, 
for films produced in N2 plasma and in the mixed-gas plas- 
mas containing equal amounts of N2 and a noble gas. This 
band can be assigned to a r--n-* shake-up satellite band 
derived from the outer valence electrons belonging to the 
unsaturated nitrogen bonds. These unsaturated bonds are a 
result of insufficient activation of the triple-bonded nitrogen 
molecules in the poorly reactive plasmas. This satellite band 
is not visible in the spectra of films produced in plasmas with 
a noble-gas-to-N, ratio of 9, because these plasmas are suf- 
ficiently excited to fully break the triple bonds of nitrogen 
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FIG. 7. ESR signal intensity as a function of microwave power for films 
produced in pure N, and He-N, plasmas. 
molecules and allow the formation of saturated StN net- 
works. The intensity of this satellite band was considerably 
reduced after Arf ion sputtering and when the angle between 
the sample surface and the detector was 15”. We think this is 
because unsaturated nitrogen bonds are due mainly to the 
insufficiently bonded trapped nitrogen molecules liable to be 
either reconstructed for bond formation or sputtered out by 
Arf ion bombardment. After the Arf ion sputtering, neither 
the Si,, nor the N,, core bands show substantial differences 
between any of the films, for either the 15” or 90” configu- 
ration of the detector and sample surface. 
The valence band spectrum also provides an informative 
fingerprint for determination of the SiN structure (Fig. 5). All 
of the spectra can be roughly divided into two regions on a 
basis of a border line at 15 eV, and all of the films have their 
strongest band originating from the N,, electrons at 18.4 eV 
They also have a weak Ot, band around 25 eV, indicating 
oxygen incorporation of the Si-N networks. The spectra of 
films prepared by the N2 plasma or the plasmas containing 
equal amounts of N2 and noble gas are almost identical to 
that of the dc-sputtered SiNI,, film. 23 
- O.OlmW 
t 0.04m W 
l- 0.16mW 
-\-0.64m W 
5mT 
I 1 
FIG. 8. Changes of ESR curves for the He/N,=9 film vs microwave power. 
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FIG. ‘3. Scanning electron micrographs uf fractured cross sections of films produced in pure NZ and He-N, plasmas: (a) pure Nz, (b) He/N2=l, (cj He/N,=9. 
At energies below 15 eV, the valence band intensities 
decrease continuously with decreasing binding energy, with a 
main band at 12.2 eV accompanied by a shoulder at 7.4 eV. 
Both the bands are primarily attributed to the NQ,(,~.).) band. 
In the spectra of films deposited by plasmas containing a 
greater fraction of noble gas, however, the intensity of the 
main band, which is located at 10.6 eV, is reduced, and the 
shoulder peak is at 6.9 eV. Both of these peaks correspond to 
the valence-band peaks obtained from electron energy loss 
spectroscopy (EEI..S).2”2”” The higher-energy peak coincides 
with the Sii3s,3/> )-N(2p) antibonding energy calculated 
from the Fermi level, and the lower-energy peak coincides 
with the energy level derived from the broken Si--Si* bond. 
The valence band spectra of films produced by plasmas con- 
taining nine times as much noble gas as N, basically coin- 
cide with the analytical results obtained by EELS. The dif- 
ferences between the spectra of films prepared in plasmas 
with the higher and lower noble-gas-to-N, ratio may be as- 
cribed to the distortion of Si-N bond length, bond angle, 
and electron density. The valence band spectra of the films 
after Ar’ ion etching are hidden by the disturbance from the 
strong Ar3, band ascribed to the implanted Ar atoms. 
EiSR analysis was performed to clarify the characteristics 
of dangling bonds in the film frameworks. Figure 6 shows 
the ESR differential curves of those films (S pm thick) pro- 
duced in the ,I’/N,=O,l,!J (+Y=He,Ne) plasmas. The feature- 
less simple ESR differential curves of the various films are 
nlainly attributed to the unpaired electrons belonging to the 
““Si (I-0) atoms. The contribution of nitrogen radical sites 
may he suppressed by electric conjugation of their charged 
f~~j-*ns.“l~“’ The g value, spin density, and peak-to-peak line- 
width of the main band are summarized in Table I, which 
also lists the nitrogen concentration roughly evaluated by 
x-ray photoelectron spectroscopy (using the 90 detector- 
sample contiguration) for the as-deposited films. The accu- 
racy of the spin density is about 40% and the linewidth is 
3@%, as estinrated from the microwave modulation factors. 
Taking into accounts these accuracies, the spin density and 
linewidth can be regarded to be same except for the 
Ne/N2=9 film, which apparently has lower values. 
The numbers and electric states of nitrogen atoms 
bonded to the silicon radical sites also profoundly affect the 
g values that can be estimated by the extended Hiickel cal- 
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culation for the reactively sputtered films.“” The g values for 
all the films in this study can be regarded to be identical and 
are between those for the two extreme components of the 
SiN, (x=0-3j systems: .Si=Si, (~=2.1)0_5.5) and aSi=N; 
(g=2.0030).‘-““*‘” We therefore consider that silicon dan- 
gling bonds are in similar chemical surroundings. The spin 
densities of the films produced in plasmas with the high ratio 
of noble gas to N;, are lower than those of films produced in 
plasmas where this ratio is low (i.e., 0 or 1). The decrease in 
spin density, accompanied by deformation of the simple dif- 
ferential curve, is remarkable for the film deposited in the 
Ne/N2=9 plasma. These changes are attributed mainly to the 
quenching of silicon dangling bonds by the highly valent 
nitrogen species. The asymmetric curves consisting of sev- 
eral peaks are therefore due to the enhancement of the con- 
tribution if the ‘“N (l=l) spin centers. These highly valent 
nitrogen species should be produced by the highly excited 
nitrogen plasma induced by Penning effects. 
Spin relaxation times were evaluated from ESR satura- 
tion analysis.36 The saturation curves for the He/N,=O,L,S, 
films, as well as the spin relaxation times evaluated using 
1 ,l-diphenyl-2-picrylhydrazyl (DPPH) as a reference, are 
shown in Fig. 7. In this figure, the square root of the micro- 
wave power is plotted along the abscissa, and each arrow 
indicates the point wherk the applied power is 80% of what it 
would be without saturation. These curves suggest that the 
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ESR signal for the He/N,=9 film saturates at a lower micro- 
wave power. We can therefore expect that the spin centers in 
this He/N,=9 film are well isolated, inducing a larger spin 
relaxation time. This relaxation time is obtained as the prod- 
uct (T, X T2) of spin-lattice relaxation time (T,) and spin- 
spin relaxation time (T2). The ESR signal centers of those 
He-N, films should be homogeneously distributed, because 
the shapes of differential curves, which can be regarded as 
Lorentzian, change as the saturation advances (Fig. 8). The 
spin density, linewidth, and g values are almost the same, as 
shown in Table I. It is therefore conceivable that the mag- 
netic surrounding of spin centers and T, can be considered 
identical for those He-N, films. Then, the relaxation times 
estimated by the saturation method primarily reflects T, in 
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this study. The large relaxation time of the He/N,=9 film is 
principally attributed to its T, value, which is considered to 
be larger than for the other films. 
Cross-sectional scanning electron micrograph images of 
the films (Fig. 9) demonstrate that increasing the He/N, ratio 
causes the films to have more columnar microstructures. The 
columns appear to be bundles of fine needles. The micro- 
structures make the film surface rough. According to the 
structure zone model, these columns should be constructed in 
plasmas where the film components have lower mobility on 
the deposited surface.37 Moreover, the collimation of coating 
atom arrival directions and the reduction of energy and mo- 
mentum delivered to the surface by plasma bombardment 
effects are also significant factors for the microstructure of 
the higher He/N, ratio films. 
Figure 10 shows the x-ray diffraction patterns obtained 
from He films (3 ,um thick) deposited on the silicon wafers 
when using the CuKa irradiation as a probing beam. The 
silicon (200) and (400) lines are obvious, but the diffraction 
pattern of S&N, is not readily apparent for all of the films. 
The intensity variation dependent on the He-to-N, ratio is 
prominent for the broad band of silicon around 33”, which is 
on the higher diffraction-angle side of the strong silicon 
(200) line. This signal can be assigned to the weak band of 
silicon grains, which probably originate from the unreacted 
sputtered silicon atoms. As the He-to-N, ratio increases, the 
signal intensity of this band tends to be reduced. These re- 
sults also reveal that the addition of He to the N, plasma 
enhances nitridation reactivity during silicon sputtering. 
Because nitrogen-plasma excitation agents, like He and 
Ne, can be included in the resultant films, we used thermal 
desorption spectroscopy to analyze their thermal exclusion 
behaviors for the l-pm-thick films. This mass spectroscopy 
also detects volatile low-molecular-weight species that are 
incompletely bonded with the film frameworks. As shown in 
Fig. 11(a), the He (m/e=4) line in the thermal desorption 
spectrum of a film produced in plasma with He/N,=9 has 
two peaks at about 450 and 670 “C. The latter peak corre- 
sponds to the desorption peaks for the nitrogen species (m/e 
=14,28). This desorption signal at about 670 “C might thus 
be derived from the framework reconstruction accompanying 
the exclusion of the incorporated inert gases. A He- 
desorption peak at 450 “C might be due to He atoms near the 
surface. It is also noteworthy that the H, signal (m/e=2) is 
enhanced above 400 “C. Like the He line, the lines due to 
hydrogenated silicon species such as SiH, (x= 1,2,3; m/e 
=29,30,31) show small peaks at about 450 “C. The stronger 
peaks of these species are at about 75 “C. Like the oxygen 
incorporation described above, these SiH, species are prob- 
ably produced by the hydrogenation of the unsaturated sili- 
con atoms by the residual hydrogen-containing substances, 
such as water and hydrocarbons in the highly reactive 
plasmas.21 The resulting hydrogenated silicon moieties are 
likely to be eliminated through thermal bond fission, produc- 
ing the low-molecular-weight volatile compounds. 
The thermal desorption spectrum of the film produced in 
plasma with Ne/N,=9 differs from that of the film produced 
in He&=9 plasma [Fig. 11(b)]. The Ne (m/e=20) and ni- 
trogen species (m/e =14,28) do not show the prominent 
peaks clearly observable in the latter spectrum, but the elimi- 
nation of these species nonetheless increases above 350 “C. 
Hydrogenated silicon species have their peaks at about 
120 “C and 490 “C, and both of these peaks are stronger and 
located at a higher temperature than are those in the spectrum 
of the film produced in the plasma with He/N,=9. 
For the film produced in pure-N2 plasma, the desorption 
curves of the nitrogen species [Fig. 11(c)] does not suggest 
the presence of any prominent peaks, like those in spectrum 
of the film produced in the plasma with Ne/N,=9. The line 
shapes of the hydrogenated silicon species are basically iden- 
tical to those of the other films produced in plasmas with a 
noble-gas-to-N2 ratio of 9, but their signal intensity is 
slightly lower. This slight hydrogenation may be due to the 
lower reactivity in the conventional pure-N2 plasma. In gen- 
eral, the lineshapes of the pure-N2 film closer resemble those 
of the Ne/N,=9 film than those of the He/N,=9 film. 
IV. CONCLUSIONS 
Penning effects induced by He and Ne gases in nitrogen 
plasma are shown to be effective for enhancing the saturation 
of SiN film frameworks by increasing nitridation reactivity 
during magnetron sputtering. This is clarified by spectro- 
scopic analyses of the plasma species and the resultant film 
molecules. 
Optical emission spectroscopy of films produced in 
plasma with He/N,=9 reveals that increasing the gas pres- 
sure reduces He emission and enhances N, emission. The 
pressure-dependent emission curve of NZf, which is a strong 
nitridation reagent during sputtering, resembles that of the 
corresponding curve for He emission and has a slope oppo- 
site to that of the curve for N, emission. These spectroscopic 
results are ascribed to Penning effects due to He in nitrogen 
plasmas. 
X-ray photoelectron spectroscopy reveals that the satu- 
ration of nitrogen bonds, which is incomplete in films pro- 
duced in pure-N2 plasma, is enhanced by Penning effects due 
to He and Ne gases. The N1, core spectra suggest that the 
shake-up satellite band due to the unsaturated bonds disap- 
pears when the ratio of noble gas to N2 is increased. Electron 
spin resonance spectroscopy reveals that SiN films produced 
in a plasma with a high Ne-to-N, ratio (=9) have a lower 
spin density than films produced in plasmas where this ratio 
is low (=0 or 1). This lower spin density is accompanied by 
deformation of the simple differential curves. The saturation 
measurements reveal that the high He-to-N2 ratio (=9) film 
has larger relaxation times than the low ratio (=0 or 1) films. 
These analytical results suggest that He and Ne gases pro- 
mote the saturation and cross-linking structures of the result- 
ant Si-N networks by enhancing the reactivity of the nitrogen 
plasma. 
X-ray diffraction signals due to unreacted silicon atoms 
tend to disappear with the increase in gas ratio of He to N,. 
These results also suggest the increase in nitridation reactiv- 
ity for the plasmas with higher ratios of He to N,. Thermal 
desorption spectroscopy reveals that there are two states in 
which He is included in films produced in He/N,=9 plasma, 
whereas Ne seems to distribute uniformly in films produced 
in Ne&=9 plasma. 
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